Abstract: We present a simple and robust structure to realize Fano resonance for refractive index sensing applications. The Fano resonance with ultrahigh Q factors (Q > 5.0 × 10 4 ) and high reflections (near 100%) is realized in a 2-D defect-free pillar array photonic crystal (PAPC) with optimized geometry (e.g., pillar array periodicity, height, and radius). We analyze its band structure, polarization, and transmission characteristics in detail with numerical methods (plane wave expansion and 3-D finite-difference time-domain (3-D-FDTD) simulations). The numerical results show that FOM ∼ 6.85 × 10 3 (FOM being the figure of merit) can be achieved, which is an order of magnitude improved over the previous work. In addition, the unique simplicity of this system in which a long-lifetime delocalized electromagnetic field exists and interacts with the surrounding media permits new opportunities for point-of-care applications. Furthermore, the proposed architecture makes the implementation of lab-on-a-chip refractive index sensing possible, which is enabled by integrating PAPC on the tip of an optical fiber.
Introduction
Over the past few decades, real-time and label-free detection has been extensively explored as a sensitive, compact, high-throughout, and portable technology in biomedical and chemical applications, ranging from the study of bio-molecular interactions to point-of-care diagnostics. Optical sensors have attracted increasing attention for lab-on-a-chip applications [1] - [3] , such as , where a represents the periodicity, h and r are the pillar height and radius, and t is the thickness of the silica substrate. Here, n si = 3.46, n si o 2 = 1.45, and the background is air (n ai r = 1.0). Excitation is a normally incident plane wave (along the −z-direction).
whispering-gallery micro-resonators (WGM) [4] - [9] , ring resonators (RR) [10] - [15] , surface plasmon resonance (SPR) devices [16] - [23] , Mach-Zehnder interferometers (MZI) [24] - [27] , and photonic crystals (PC) [28] - [49] . Among these approaches, PCs offer strong light confinement and enhanced light-matter interaction at the sub-micron scale, and thus has great potential in the development of ultra-compact integrated sensor arrays. However, coupling light to the sensors on chip requires high accuracy alignment and is becoming a limitation for point-of-care applications. Meanwhile, recent proposals for lab-on-a-tip architectures [50] could be an alternative strategy to lab-on-a-chip approaches. Integrating photonic crystal cavities on an optical fiber has been explored [51] - [53] . However, the defect-based photonic crystal cavities require fine device alignment to the fiber. To reduce the complexity in device fabrication and measurement, we propose to use Fano resonances in defect-free photonic crystals. Over the past years, Fano resonances have been observed in a wide variety of nanophotonic structures [54] - [56] and have been used for diodes [57] , filters [58] - [60] , spectroscopic imaging [61] , modulators [62] and all-optical switching [63] - [66] . Fano resonances with sharp spectral features have been achieved in SPR [67] - [70] and PC [71] - [79] structures, which were used for biochemical sensing [67] - [75] .
We propose a pillar array photonic crystal (PAPC) comprised of a triangular lattice of silicon pillars (n si = 3.46) on a silica substrate (n si o2 = 1.45). With the 3-D finite-difference-time-domain (3-D-FDTD) method, we investigate the spectral dependence of Fano resonances on pillar array periodicity (a), pillar height (h ), radius (r ), and light incident angle (θ i n ). From band diagrams, we also explain the origin of the Fano resonances. We demonstrate that high Q -factors of 5.2 × 10 4 can be obtained at telecom wavelength range (∼1500 nm) with nearly 100% reflections. Furthermore, the numerical results show that an order of magnitude improvement of FoM (6.85 × 10
3 ) over the previous work [69] - [71] can be achieved.
Pillar Array Photonic Crystal (PAPC) With High Q Fano Resonance
The structure under study is schematically depicted in Fig. 1 . It consists of a triangular lattice of silicon pillars (n si = 3.46) on a silica substrate (n si o2 = 1.45 ). The thickness (t) of the silica substrate is 2 μm (Fig. 1) . A PAPC may be entirely described by a unit cell with a periodicity, a, silicon pillar radius, r , and silicon pillar height, h, shown in Fig. 1(b) . The computation domain includes a single unit cell, shown as the white dashed line region in Fig. 1(b) . On the top and bottom surfaces perpendicular to the z-direction, we impose the Perfectly Matched Layer (PML) absorbing boundary conditions. For the remaining four surfaces, Bloch periodic boundary conditions are used in x-and y-axis. The incident source is a plane wave placed at a plane perpendicular to the z-direction, and the light propagates along the -z-direction. During the simulation, the 3-D-FDTD algorithm (Lumerical Solutions Inc., Canada) is adopted for full vectorial electromagnetic calculations. In the simulation, the numerical calculations are performed with extremely well convergence conditions under different mesh sizes. Additionally, in order to improve accuracy of the simulation results, a 0.01 nm grid size is adopted. The computational domain encloses a single unit cell of the crystal.
The physical origin of the Fano resonances in PCs lies in the coupling between the guided modes above the light-line and the external plane waves [80] , [81] . So far, extensive theoretical and experimental work for Fano resonances in the PCs platforms, such as PCs slabs and PCs cavities, have been demonstrated. In most cases, the line shapes for these Fano resonances are asymmetric. Thus, to clearly demonstrate the transmission spectrum of Fano resonance in PAPC, we next fit our 3D-FDTD simulation results with the well-known Fano line shape given below [55] , [57] , [81] - [84] :
where A 0 and T 0 are constant factors, ω 0 is the Fano resonant frequency, and is the resonance line width. According to Fano's original work, the dimensionless parameter f describes the ratio between resonant and non-resonant transition amplitudes in the scattering process. It accounts for the lineshape asymmetry and can assume either positive or negative values. By looking at (1), according to the value of the asymmetry parameter f , which describes the ratio between resonant and non-resonant transition amplitudes, the Fano line shapes can be categorized into following three cases: i) In usual cases for |f | values of the order of unity (|f | ≥ 1), i.e., when resonant and direct scattering amplitudes are comparable with each other, a strongly asymmetric resonance is observed; ii) when |f | values is large, meaning that resonant scattering dominates over direct scattering, the observed lineshape tends toward a symmetric Lorentzian; iii) finally, for small |f | values (|f | < 1), i.e., when resonant scattering is small compared to direct scattering, the Fano profile takes the form of a reversed Lorentzian [82] , [83] . Thus, the analysis of the resonant line shape allows us to determine the quality factor (Q ) is defined as [81] 
The transmission property, therefore, is determined by the interference between the direct and indirect pathways. Herein, as shown in Fig. 1(a) , the incident beam is restricted to be within the plane in parallel with the x-z plane, i.e., kept at the azimuthal angle is zero (angle from the positive x-axis to the orthogonal projection of the incident beam in the x-y plane). In this case, the incident beam plane corresponds the -M direction in the κ-space. Thus, the incidence direction can be only specified by the incidence angle θ i n (namely colatitude angle, angle from the normal direction). The incidence polarization angle (ψ) is defined as the angle from the positive x-axis to the projection of polarization direction in the x-y plane, i.e., ψ = 0
• for Ex-polarized beam and ψ = 90
• for Ey-polarized beam. These angles are schematically shown in Fig. 1 (a) in detail. We investigate the case that silicon pillars (n si = 3.46) form a triangular lattice on the silica substrate (n si o2 = 1.45). The top is air (n ai r = 1.0). We perform optical characterization of the PAPC by using a plane wave source at different incident angles (θ i n ) from θ i n = 0
• to θ i n = 10 • , with the periodicity a = 870 nm, pillar radius r = 0.2a and height h = 1.12 μm fixed. Based on 3-D-FDTD method, the simulated transmission spectra for different incident angles (θ i n ) are shown in Fig. 2(a) and (b) for the different Ex-and Ey-polarized incident beams, respectively. As seen from Fig. 2(a) and (b) , note that the simulated transmission spectra of PAPC do not have the varying Fabry-Perot curves due to decoupling of the dielectric media. Instead, we observe a good transmission with nearly symmetric sharp reflective peaks (e.g. λ 1x , λ 2x , λ 1y , λ 2y , and λ 3y ) at telecom wavelength range (∼1500 nm). Here, the simulated results agree well with [85] .
Furthermore, we use plane wave expansion (PWE) to solve the band diagram (see Fig. 2 (c)) in order to identify the origin of each Fano resonance. Fig. 2(d) is the zoom-in of the black-dashed line area in band diagram (see Fig. 2(c) ). Fig. 2 (e) converted κ x in band diagram to the incidence angle (θ i n ) with the wavelength range between 1350 nm to 1500 nm, κ x = (ω/c) · sin(θ i n ), where the ω represents frequency. All of the resonant modes obtained in the transmission spectra under different polarized light (λ 1x , λ 2x , λ 1y , λ 2y , and λ 3y marked in Fig. 2(a) and (b), respectively) were identified in the band diagram (see Fig. 2(d) ). When the incident angle (θ i n ) increases from 0
• to 10
• , Fano resonant modes λ 1x and λ 2x shift towards longer wavelengths (red-shift) and shorter wavelengths (blue-shift), respectively, which agrees well with the band dispersion (λ 1x and λ 2x ) in Fig. 2(d) . Fano resonant mode λ 2y remains almost unchanged over the range of incident angles (θ i n ) from 0
• to 10 • , which also agrees well with the band dispersion in Fig. 2(d) . Fig. 3 depicts the Q -factors of Fano resonant modes λ 1x and λ 2y as a function of the incident angle. As the incident angle changes from θ i n = 0
• to θ i n = 10 • , Fano resonant mode λ 2y , displays little variations in Q -factors (> 10 4 ) while the mode λ 1x displays a large variation. When the incident angle θ i n = 0
• (normal incidence), Q -factors of both Fano resonant modes λ 1x and λ 2y are as high as 1.26 × 10 4 and 1.13 × 10 4 , respectively. In the following sections, we investigate and optimize 
Optimization
In this section, we consider the case when the light beam has an incidence angle θ i n = 0 • and Ex-polarization (ψ = 0
• ). We investigate the effects of the periodicity (a), pillar height (h ), and radius (r ) on the resonant wavelength (λ res ), Q -factors, refractive index sensitivities (S), and figure of merit (FoM). Based on the optimal parameters, we further discuss its polarizations (ψ) dependence. We introduce a bulk refractive index (RI) sensitivity, S (in nm/RIU), and relate it to the resonance shift λ due to a change in refractive index n of the medium
The FoM is defined as [86] F oM = S × Q λ res (4) where λ res is the resonant wavelength, and Q is the quality factor.
The Dependence of Periodicity (a)
We start by investigating the effect of periodicity (a) on the Fano resonances in PAPC. Fig. 4 shows the transmission spectra at normal incidence for different pillar array periodicities (from a = 620 nm to a = 1220 nm) when other parameters are fixed (silicon pillar height h = 1120 nm, radius r = 174 nm). The positions of all the Fano resonances increase in wavelength as the periodicity increased. The Q factor maximizes at around 1.85 × 10 4 with near-to-100% reflectivity when periodicity a = 870 nm, as shown in Fig. 5(a) . Moreover, as shown in Fig. 4 , the Fano resonance displays little variation in line-widths and spectral positions over the range of periodicity from a = 820 nm to a = 970 nm. Therefore, the whole structure is immune to fabrication imperfections.
Next, we optimize the periodicity of PAPC to achieve high FoM. Fig. 5(b) shows the RI sensitivities and the FoMs varying as a function of the periodicity increased from a = 620 nm to a = 1220 nm. Here, the sensitivity is defined as (3), i.e., the resonant wavelength shift ( λ) induced by the change of refractive index ( n = 0.1, as the refractive index changed from RI = 1.0 to RI = 1.1). As seen in Fig. 5(b) , the sensitivity increases as the periodicity (a) increases in general. When the periodicity (a) is 1170 nm, the sensitivity reaches as high as 300 nm/RIU. In addition, when the periodicity is 870 nm, the FoM reaches the maximum value of 2.5 × 10 3 , which is more than an order of magnitude higher than the previous work [69] - [71] .
The Dependence of Silicon Pillar Height (h )
Second, we consider the dependence of Fano resonances on silicon pillar height (h ) of PAPC. Fig. 6 shows the transmission spectra at normal incidence for PAPC with different pillar heights (h ) from h = 820 nm to h = 1470 nm. The periodicity (a) and radius (r ) of pillars are kept fixed at a = 870 nm and a ratio of r /a = 0.20. In Fig. 6 , when the Si -pillar height increases, a stronger Fano resonance occurs, leading to a larger number of Fano resonant modes inside PAPC. As the pillar height increases, the resonance shifts towards a longer wavelength (see Fig. 7(a) ), which agrees well with the report displayed in [75] , [87] . The Q of the Fano resonant mode reaches 1.85 × 10 the FoMs varying as a function of the pillar height increases from h = 820 nm to h = 1470 nm. As seen, when the pillar height (h ) is 1120 nm, the FoM reaches the maximum value of 2.5 × 10 3 .
The Dependence of Silicon Pillar Radius (r )
Third, we study the dependence of Fano resonance on the pillar radius. We plot the transmission spectra with radius (r ) varying from 140 nm (0.16a) to 330 nm (0.38a) in Fig. 8 . The other parameters are chosen at periodicity a = 870 nm and pillar height h = 1120 nm. As the pillar radius increases, the Fano resonance shifts to longer wavelength, as shown in Fig. 8 . Additionally, there is only one Fano resonance in the wavelength range greater than 500 nm (see Fig. 8 ), which is ideal for applications such as tunable filters, optical switch, and sensors. Fig. 9(a) shows that high Q Fano resonance shifts towards longer wavelength, while Q is maximized (∼ 5.2 × 10 4 ) at 1556.97 nm when pillar radius r = 190 nm. The zoom-in spectrum is shown in Fig. 9(c) . Fig. 9(d) and (e) shows E-field distribution in the x-y plane and y-z plane at resonant wavelength (1556.97 nm) when Q reaches maximum. Next, we optimize the pillar radius (r ) of PAPC to achieve the highest FoM. Fig. 9(b) shows the RI sensitivities (S) and the FoMs varying as a function of the pillar radius with other parameters (pillar array periodicity a and pillar height h) are kept fixed. When the pillar radius (r ) is 190 nm, the FoM reaches the maximum value of 6.85 × 10 3 , more than an order of magnitude higher than the previous work [69] - [71] . Additionally, the calculated sensitivity as high as 205 nm/RIU can be obtained.
The Dependence of Light Beam Polarization Angle (ψ)
We consider Fano resonances at different incident polarization angles (ψ !) at normal incidence, and choose the structure periodicity a = 870 nm, pillar radius r = 0.2a, and height h = 1120 nm. Fig. 10(a) shows a comparison of the transmission spectra for the polarization angles ψ = 0
• , 30
• , 45
• , 60
• , and 90
• . Fig. 10(b) displays the zoom-in spectra for the dashed green line region indicated in Fig. 10(a) . As the polarization angles changed from ψ = 0
• (x-polarized) to ψ = 90
• (y-polarized), it is interesting to note that i) the Fano resonance lineshape always keep symmetrical; ii) compared with x-polarized, the transmission spectra for y-polarized incidence exhibiting wavelength a little shift ∼0.5 nm is displayed; iii) for the other polarization angles, e.g., ψ = 30
• , ψ = 45
• , and ψ = 60
• , there are two transmission dips. And the amplitudes ratio between these two dip are changed for different polarization angles. However, the sum of the transmission is always unity, indicating that both polarizations are orthogonal and each has 100% transmission. Thus, PAPC can be used to detect incident angle polarization. The insets display the 3-D-FDTD simulated E-field distribution profiles in x-y plane for different Fano resonant modes with different polarization angles.
Application: Fano Resonant Refractive Index Sensor
Herein, based on the simulation results and discussion shown in Section 3, a summary to show the parameters for the optimized Fano resonant PAPC sensor are as follows: The proposed Fano resonant PAPC sensor structure is constructed by arranging a triangular lattice of silicon pillars (n si = 3.46) on a silica substrate (n si o2 = 1.45). The thickness of the silica substrate is 2.0 μm (Fig. 1) . The periodicity is a = 870 nm. The bulk radius and heights of Si -pillar are r = 0.2a, and h = 1.12 μm, respectively. And the background is air (n ai r = 1.0). By using 3-D-FDTD method, Fig. 11(a) shows transmission spectrum of a normally incident Ex-polarized light excited along the z-direction with θ i n = 0
• and ψ = 0 • . As seen in Fig. 1 , a high Q -factor Fano resonant mode (FRM) at 1470 nm with near 100% reflection is obtained. In order to investigate the RI sensitivity of the proposed Fano resonant PAPC sensor, various refractive indices of the media are tested, as displayed in Fig. 11(b) . As seen in Fig. 11(b) and (c), it reveals that the Fano resonant wavelength shifts its resonance towards to longer wavelength (red-shift) when the RI values increased from RI = 1.0 to RI = 1.5. Fig. 11(c) shows the shifts of Fano resonant wavelength as a function of the changed refractive index of the surrounding media of the sensor structure. As seen, the resonant wavelength shifts its resonance following a linear behavior when the RI values changed, and the correlation factors (R 2 ) is found to be >0.9998. Based on the simulation results displayed in Fig. 11 , the bulk RI sensitivity of the proposed Fano resonant sensor can be calculated from the definition of S = λ/ RI, where S is the bulk RI sensitivity, λ is the resonant wavelength shift, and RI is the surrounding RI change. Thus, the bulk RI sensitivities of 242 nm/RIU is observed.
Conclusion
In conclusion, we numerically investigated the spectral characteristics of Fano resonance in pillar array photonic crystal (PAPC) with triangular lattice. We first study the Fano resonance transmission spectra properties (e.g., resonant wavelength, Q -factors, RI sensitivities, and FoMs) and its dependence on the pillar array periodicity (a), pillar height (h ), and radius (r ). The simulation results show that the optimal Fano resonance has high Q -factor of 5.2 × 10 4 in air and FoM of 6.85 × 10 3 , more than an order of magnitude higher than the previous work. Furthermore, angular and polarization dependent transmission properties of the Fano resonant PAPC are also investigated. Both Ex-polarized mode and Ey-polarized mode have high Q -factors, and they are spectrally separated by 0.5 nm. In addition, the proposed architecture is potentially an ideal platform for high performance remote sensing applications by integrating PAPC on the tip of an optical fiber.
